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Outline

e Haswell Architecture & Attractions

e Power-Performance Characterization

— Four benchmark applications, instrumentation
tools

— Power control knobs
— Experimental results & findings

« Summary
\> 4 ‘ -‘
* Future Plans !,w,{l".
* Acknowledgements
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Haswell in Trinity

http://www.lanl.gov/projects/trinity/ assets/docs/trinity-overview-for-web.pdf

Node Architecture Haswell Partition KNL Partition
KNL + Haswell

Memory Capacity 2.11PB >1PB >1 PB

Memory BW >6 PB/sec >1PB/s >1PB/s + >4PB/s

Peak FLOPS 42.2 PF 11.5PF 30.7 PF

Number of Nodes 19,000+ >9,500 >9,500

Number of Cores >760,000 >190,000 >570,000
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Haswell EP Microarchitecture

« HCC: 14-18 cores

18-Core Haswell-EP package| o Bi_directional fu11 rings

« Connected by queues
for data transfer

e 8+ 10 cores
e 4 columns

« 2 memory controllers,
2 memory channels
each, support DDR4

« SIMD ISA: AVX2

« 16 FLOPS/cycle
(double)

. 9.6 GT/s QPI

https://software.intel.com/en-us/articles/intel-xeon-processor-e5-2600-v3-product-family- 4
technical-overview




Haswell EP Microarchitecture

12-Core Haswell-EP package

12-Core Die

"

i
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Fully Integrated Voltage Regulator

2012 Product Baseline | Haswell FIVR

« Input voltage: sends serial voltage ID (SVID) signals to mainboard VR
(MBVR)

e SVID regulates Vccin

« MBVR supports 3 voltage lanes, activated by processor based on
estimated power consumption

« Advantages: Simplifies power design; consolidates 5 platform VRs to
one; finer-grain on-die processor delivery control.

E. A. Burton, et al. “FIVR — Fully integrated voltage regulators on 4th generation Intel Core 6
SoCs”, in Proc. of IEEE Applied Power Electronics Conference and Exposition (APEC), 2014



Haswell Power Management

e Per-Core Power States (PCPYS)

— 1ndividual cores to have their own voltage and therefore
frequency domains, can change their freq independently

* Uncore Frequency Scaling (UFS)

— components outside of the cores to scale their
frequency up and down independently of the cores

* Energy Efficient Turbo (EET)

— reduce usage of turbo frequencies that do not
significantly increase the performance

e Turbo State Limiting

— puts a cap on the turbo states on the cores to cut down
on the variability of clock frequencies
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P-States for Workloads

Frequency range

Max All Core Turbo Frequency (Non-AVX) - 2.8
2.7
Expected frequencies for — 2.6 - AVX Max All Core Turbo Frequency
non-AVX workloads
2.5
2.4
Base Frequency (Non-AVX) : 2.3 Expected
- frequencies for
2.2 most AVX
Expected workloads
frequencies for  _J 2.1
workloads with
heavy AVX usage 2.0

- 1.9 AVX Base Frequency
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P-State Transition Latency

* Frequency changes occur in regular intervals of about 500 ps.
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D. Hackenberg, et al. “An Energy Efficiency Feature Survey of the Intel Haswell Processor”, in Proc. of
IEEE International Parallel and Distributed Processing Symposium Workshop (IPDPSW), 2015



Experiment Setup [ T

e Hardware
* Dell PowerEdge R730 rack servers
e 2 Xeon E5-2660 v3 processors

128 GB RAM, 200 GB SSD

®*  Compute server Dell PowerEdge R730

Processor 2x Intel Xeon ES-2660 v3 (Haswell-EP)

# of cores/socket 10 ver issue)

# of threads/socket 20 cific

CPU frequency 1.2 -2.6 GHz

Turbo frequency 3.3 GHz

Cache 25 MB Intel Smart Cache

TDP/socket 105W INCores
Supported o Enabled features Uncore frequency scaling, per-core p-

Haswell-El states, energy-efficient turbo
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Benchmark Code & Applications

e Software

* Benchmarks
— Compute bound: HPL and FIRESTARTER
— Memory bound: STREAM
— Mixed: CLAMR (OpenMP version)

e Tools

— Performance API (PAPI): platform-independent library,
PAPI-C provides in-line power & energy measurement

— FTaLaT to control p-states
— A tool developed by Schone to control c-states
— LIKWID to measure the uncore freq
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Experiment Design

 Issues of interest Core affinity
— Overhead of onboard power monitoring !
— Power-performance at different P-states
— Hyperthreading influence

— Core Affinity — floating or pinned threads 0 |
P-states

* Metrics
— Energy consumption: E=P * T
— Performance per watt: FLOPS/W = Throughput / P

Hyperthreading

2015/7/29 Haswell Power — LANL & UNT 12



Overhead of Power Monitoring

e PAPI > MSR driver 2 RAPL attributes

PACKAGE ENERGY:PACKAGEOQ

e Measurement rate: 1s vs. 10s
e Measured RAPL attributes: 16 vs. 4

Collecting All Attributes from PAPI
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PAPI power monitoring causes up to 28.6% more power draw than
the 1dle power. Using longer monitoring period and less RAPL

attributes can reduce the overhead by 75%.
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Power Control Knob: P-States

Setting 1.2 14 1.6 1.8 2.0 2.2 24 2.6 2.8 3.0 3.2 | 3.3
GHz
Measured | 1.2 1.3 1.5 1.7 1.9 2.1 2.3 2.5 2.9 2.9 29 [ 29
(GHz)
1.2 —16 —20 —04 —D8 —3.2 | | = .
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P-states affect Package power rather than
DRAM power. Higher P-states = shorter

execution time except for memory bound apps.
Use FIRESTARTER to test turbo boost.

100

20

PKG power

300
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Power Control Knob: P-States

Sgt::ng 1.2 1.4 1.6 1.8 2.0 22 | 24 | 26 | 28 | 30 | 3.2 |33
Z
Measured | 1.2 1.3 1.5 1.7 1.9 2.1 23 | 25 | 29 | 29 | 29 |29
(GHz)
T cLamm
m HPL

Energy Consumption(J)

3000

2000

[
o

m STREAM

Least energy uses are achieved at low frequencies

(Single node, # of app threads = # of hyper-threads)
max/min ~ 1.5x

performance
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Power Control Knob: Hyperthreading

« HPL

@]
| —Enabled 40P PO —Enabled 20P PO =—=Disabled 40P PO —=Disabled 20P PO ¥ | ==Enabled 40P P) ==Fnabled 20P PO ==Disabled 40P PO ==Disabled 20P PO
—Enabled 40P P1 —Enabled 20P P1 ~Disabled 40P P1 —Disabed 20P P1 —Enabled 40P P1 —Enabled 20P P1 —Disabled 40P P1 —Disabled 20P P
Q
& ] ﬁ B aae e 1
B ﬁ"”’" -
r
W g % 0 -
2 m
§ o 2 i
|_|J © ] 0 [(a
g 1.0e+06 ¥ m Exection time
X1 ; 160000 o pKG power—-PKGO+PKG1 (W)
5 . 1.0E+05 ¢ = RAM Power--RAMO+RAM1 (W)
o M Energy (J)
N 1.0E+04 3400 3500
R I

1.0E+03 5000 8000

1.0E+02

1.0E+01

1.0E+00

Enabled (40) Disabled (40) Enabled (20) Disabled (20)
2015/7/29 Haswell Power — LANL & UNT 16




Power Control Knob: Hyperthreading

« STREAM

Q 0
O | ==Enabled 40P P0 ===Enabled 20P P0 ===Disabled 40P P0 ===Disabled 20P PO O 7 | ==—=Enabled 40P P ===Engbled 20P P0 ===Disabled 40P PQ ===Disabled 20P PO
==£nabled 40P P1 Enabled 20P P1 Disabled 40P P1 ===Disabled 20P P1 =—Enabled 40P P1 Enabled 20P P1 Disabled 40P P1 =—Disabled 20P P1
s 8 K3
e 2
w (r
23 i 0 -
: :
W o
0 Q4 B O ‘
§ M Exectiontime M PKG power (W) ™ RAM Power (W) MEnergy (J)
% o 10000 3 6235.24 6343.78 5729.34 6072.74
N F
1.0E+06 M Exection time
160000 M PKG power--PKGO+PKG1 (W)
1.0E+05 = RAM Power--RAMO+RAM1 (W) | 1000 E
m Energy (J) C
1.0E+04 3400 3500
1.0E+03 100 +
- 33.
1.0E+02
1.0E+01 10 L
1.0E+00 .
Hyperthreading has the least effect on STREAM
(memory bound) g Enabled (20) Disabled (20)
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Power Control Knob: Hyperthreading

« CLAMR

N \ .
e===iabled 40P PO ===Enabled 20P P0 ===Disabled 40P P0 ===Disabled 20P P0 \a ==tnabled 40P P) ===Enabled 20P P) ===Disabled 40P P0 ===Disabled 20P PO
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Q-
o |
: -
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1.0E+06 W Exection time | ;
HPL 160000 g piG power--PKGO+PKG1 (W) l 0 o -
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= Energy () M Exection time M PKG power (W) B RAM Power (W) M Energy (J)
1.0E+04 5900 3400 3500 119000 5815.55
o 4661.24 : 5359.86 4485.01
1.0E+03
180 190 160 160
1.0E+02 [
1000 E
1.0E+01 -
1.0E+00 ]
Enabled (40) Disabled (40) Enabled (20) Disabled (20)
o Timal 1a) 100 E
M Exection time  m PKG power (W) mRAM Power (W) mEnergy (J) -
10000 ¢ 6235.24 6343.78 5729.34 6072.74
000 | STI’EAM I I I 10

« | Generally speaking, hyperthreadmg 1s better in terms
.| of energy saving, especially for compute bound apps

Enabled (20) Disabled (20)

and when # of user threads is large. 8




Imbalance Between Two Sockets

8.00 ~ 7.33
. mHPL
PKG power imbalance .
6.00 | b = STREAM Hyperthreading enabled
= (PKGO - PKG1) CLAMR
s
<= 4.00 -
Q
5
5 2.00 - 1.3 500.0 -
3 31.02 102.4 3417 74.3
o
5 0.0 -
2 -2.00 - = Enabled (40) bled (40) Enabled (20) Disabled (20)
a Q
e -108.1
400 1 330 -3.07 § copo | 1100 -110.0 -88.0
£
-6.00 - yQ
v W HPL
2.00 - 2 -1000.0 -
. M STREAM
DRAM power imbalanc| &
g CLAMR
1.50 A w
s 1.21 -1500.0 -
@ Energy consumption imbalance
g 1.00 0.84
(]
3 0.59
£ 0.44 l -2000.0 - i
Q 0.50 - —- 0.31 Comm il I 2000.0

nNAMA

Imbalance of power use of the two sockets 1s not
significant. The prolonged exec time due to
contention causes the huge energy use imbalance. 19
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Power Control Knob: Core Affinity
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Power Control Knob: Core Affinity

6000.0
10000.0 ¢ 5900.0 : :
5 m(EF) mEP) =(,F) mP,P) o With contention
160000.0 130000.0
! 1000000.0 ¢ 120000.0
1000.0 : F [ | (F, F) .(F, P) [ (P; F) | (Pr P) 83000.0
: 190.0 - '
180.0 100000.0 E
1000 F  30.0

10000.0 { 770.0 630.0

F 580.0
1000.0 £ _ 400.0

100 | : 190.0
r 100.0
I E 14.0
1,

HPL (compute bound): pinning PAPI to a core can

significantly reduce exec time (48%) and thus energy At bower (W) Energy O]
(48.1%) when # of app threads > # of cores. 21
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Power Control Knob: Core Affinity

.

6480.88
10000 ¢ 6235.24 : :
5 m(F,F) ®m(F,P) m(P,F) m(P,P) EEEE With contention
i 6349.9
1000 10000.0 ¢ 5829.5
- 152.5 . m(F,F) m(F,P) m(P,F) m(P,P)
i 151.2 i
100 k 1000.0 3
- 334 346 C
10 ¢ 100.0 ¢
10.0 £

STREAM (memory bound): core affinity doesn’t give
much benefit (8.2% energy saving) and may ver () Emeray )
compromise both perf and energy use (w/o contention). 22




Power Control Knob: Core Affinity

10000.0

1000.0

100.0

10.0 £

1.0

CLAMR

4661.2
4514.1
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137.0 10000.0 ¢
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I 110000 |
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110.5
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Exec time(s) PKG Power (W) RAM

. . 10.0
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CLAMR (mixed): pinning app threads to cores can
reduce exec time and energy more w/ contention
(24% and 19.3%).

H(F, F) H(F,P) m (P, F) m(P,P)

5815.6
4695.7

159 16.4
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Summary and Future Plans

* Goal: to understand and characterize power-performance of
Haswell EP for HPC.

* Test four benchmark programs on PowerEdge R730 with
control knobs
— P-states (most effective)
— Hyperthreading (effective for compute bound app)
— Core affinity (good 1f contention exists)

* Plans
— Test more applications and use more control knobs
— Use more compute nodes
— Examine the combined effects of control knobs

— Power capping
2015/7/29 Haswell Power — LANL & UNT 24
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Measurement and Characterization of Haswell Power and
Energy Consumption

Thank you!
Questions & Suggestions?
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